marine bacteria, i.e., autolysis by viral infection (2, 3, 11) . To assess the ecological function of viruses in marine environments, a detailed survey of their distribution together with information concerning other food web components is necessary. Previous attempts have been partially hampered by technical difficulties in evaluating the abundance of marine viruses. Counting by transmission electron microscopy (TEM) after concentration of viruses by ultracentrifugation or ultrafiltration has been applied (2, 11) . Both methods, however, are time-consuming and contain some uncertainty originating from the concentration procedures.
In this paper, we report the application of simple epifluorescence microscopy to evaluate the abundance of marine viruses, and demonstrate that most 4',6-diamidino-2-phenylindole (DAPI)-stained tiny particles in seawater collected on 0.015-p.m-pore-size filters are virus particles.
MATERIALS AND METHODS
Seawater samples were collected from two near-shore areas ( size prefiltered formalin (1%, vol/vol) and kept at 4°C until analysis. Preparation for microscopy was normally done within 1 week, except for the Kuroshio samples, for which it took 2 weeks before the sample procedures described below were completed.
For epifluorescence microscopy, a modification of the method of Porter and Feig (10) was used to stain DNAcontaining particles with DAPI. First, the particles in an aliquot (2 ml) of preserved seawater were collected on a Nuclepore filter (pore size, 0.015 ,um; diameter, 24 mm) under vacuum (at ca. 10 mm of Hg) suction. A Millipore 0.45-p.m-pore-size filter was used as a damp backing filter. It took 1 to 1.5 h to draw the sample through the filter under the above-described condition. DNA-associated particles were then labeled by adding and filtering 0.5 ml of prefiltered (0.2-p.m-pore-size disk filter; Advantec Co., Tokyo, Japan) solution of DAPI (0.1 p.g ml-'; Sigma Chemical Co.), which was followed by a rinse of prefiltered Milli-Q waters (2 ml). After the rinse, the Nuclepore filter was placed on a drop of nonfluorescence immersion oil (Olympus Co.) on a microscope slide. The filter was covered with a cover glass after addition of a drop of oil on the filter. During the filtration procedure, the filtration set-up was covered with aluminum foil to omit light.
Counting was done on an Olympus biological microscope fitted with an epifluorescence system (BHS-RFK) by using an ultrahigh-pressure mercury light source (BH2-LSRF refrigerator (4°C) with occasional changes of pure water. Salinity measurement with a refracting salinometer indicated that dialysis was completed within 1 week.
A small drop (25 to 50 p.l) of dialyzed sample was placed on collodion-carbon-coated grids, the surfaces of which were sputter coated (JEOL Fine Coat) just before use. Particles in the drop were stained negatively with uranylacetate solution (1%) and dried under a silica gel. Samples were observed with JEOL 1OOB or JEOL 200CX electron microscopes operating at 100 and 200 kV, respectively.
RESULTS
Evaluation of DNA-associated particles by DAPI staining.
By using a 0 015-p.m-pore-size Nuclepore filter, numerous small DNA-associated particles together with large DNAassociated particles can be recognized after DAPI staining ( Fig. 1 ). Our criteria for the distinction between larger DNA-associated particles (possibly bacteria) and other smaller particles are indicated in Fig. 1 . The blank of DAPI couints with a 0.015-p.m.-pore-size Nuclepore filter was checked by using 2 ml of rinse water. The obtained blank, including bacterium-size DNA-associated particles, was less than 10' ml--'. Bacterial abundance was also evaluated with DAPI staining by using a conventional 0.2-p.m-pore-size Nuclepore filter. The number of bacteria on a 0.2-p.m-poresize filter was not significantly different from the number of Uniform distribution of various bioparticles on the grid after the drying procedure is also critical for estimating the number of viruses and bacteria. From the volume of a desalted sample (25 to 50 p.l) of known bacterial number and the area of the grid, we evaluated the distribution of bacteria on the grid. The relative number of bacteria counted (108% + 38%; n = 5) was similar to that expected from their even distribution, except for the marginal part of the grid, where the number (50% + 36%; n = 7) was significantly low. When we counted the central part of the grid, the distribution of the virus particles (100% + 23%; n = 5) was also rather uniform.
For the standard evaluation of absolute virus number from TEM observation, we estimated the number by multiplying the ratio of bacteria to virus measured with TEM by the bacteria number measured with a 0.2-p.m-pore-size filterbased epifluorescence microscopy ( Table 2 ). Here we assumed that the behavior of these two types of particles during the whole preparation was same. Since the recovery of bacteria and viruses during the process of desalting, which also includes the interaction with a filter surface, was similar, this assumption might be acceptable. However, if accumulation of viruses at the edge of the grid occurs, the abundance of viruses obtained from TEM may be underestimated.
Comparison of the two methods. The abundance of tiny DNA-associated particles counted by epifluorescence microscopy and virus particles by TEM was compared by using coastal and pelagic marine waters (Table 2) . One significant conclusion from the results was that the number of tiny DNA-associated particles under epifluorescence microscopy was almost identical to that of viruses identified morphologically with TEM. Although a large variation of virus abundance (1.2 x 106 to 35 x 106 ml-1) obtained with the TEM method was observed, the ratio of DNA-associated particles to viruses (LM/EM ratio) was in a rather narrow range (1.0 to 1.6), indicating that a majority of small DNA-associated particles by epifluorescence microscopy was actually virus particles. Morphological characteristics of virus particles. For the identification of virus particles, we used its morphological characteristics, e.g., a regular polyhedral head with or without a cylindrical tail. Since we didn't count particles which had no obvious characteristics as described above, the number of viruses was considered a minimum estimation. Various morphological differences were observed in our seawater samples and were group as follows: group 1 members had tails possessing a contractile sheath, group 2 members had long and noncontractile tails, and group 3 members were with and without short tails (Fig. 2) . The size ranges of the virus features were from 30 to 100 nm for the diameter of polyhedral heads and from 0 to 0.3 ,um for the length of the tails. The relative abundance of these three types of virus in the near-shore and offshore waters was examined ( Table 2) . Differences in composition of the sampling areas were noted. In Ohtsuchi Bay and Sagami Bay samples, the viruses of group 3 were predominant (80 to 100%), while the viruses with long tails were abundant in Osaka Bay. The significance of these morphological differences between different water masses is not clear because of the lack of information concerning host-virus relationships of these viruses. 
DISCUSSION
The method adapted to count DAPI-reactive tiny particles in seawater is rather straightforward. Traditional epifluorescence microscopy after DAPI staining was applied with only modification of the filter pore size, i.e., from 0.2 to 0.015 ,um (Nuclepore), to collect all particles down to virus size. Our data indicated that the number of large DNA-associated particles on the 0.015-p.m-pore-size filter was roughly identical to that of DNA-associated particles collected on the 0.2-pum-pore-size filter, which has been applied commonly for bacterial counting (Table 1) (7, 10) . Since the number of tiny DNA-associated particles on the 0.015-p.m-pore-size filter are 3 to 20 times greater than the bacterial number in the same sample, some counting error regarding the large DNA-associated particles is negligible in evaluating the abundance of tiny DNA-associated particles ( (7, 14) . DNAassociated detritus of various molecular size ranges originating from marine organisms may also be present in the upper layer. The amount of DNA which passed through a 0.2-pLmpore-size filter was reported to be significant compared with total bacterial DNA (5, 6) . The LM/EM ratio in Table 1 was generally slightly larger than 1.0, suggesting some occurrence of detrital DNA. In 10-and 50-m depth samples of Sagami Bay (station C), for example, about one-third of DAPI-stained small particles could not be attributed to viruses ( Table 2) . Contribution of these detrital DNA to DAPI counting in coastal and offshore waters was generally minor compared with the amount of DNA from virus particles. There are, however, other possible reasons for the higher LM/EM ratio, including (i) the presence of viruses that stain with DAPI but are not recognizable by TEM and (ii) possible loss during preparation for TEM.
The abundance of virus particles obtained in this study was within the range (1 x 106 to 100 x 106 ml-1) of previous observations (2, 11) . Vertical profiles of viruses obtained down to a depth of 200 m at station C in Sagami Bay showed a steady decrease with depth, but the relative abundance of viruses to that of bacteria remained almost the same, suggesting some coupling between bacteria and viruses ( Table  2) . On the other hand, chlorophyll contents at a depth of 100 m in Sagami Bay was 2 orders of magnitude lower compared with that at the surface layer (8) . The presence of viruses infecting a variety of phytoplankton in marine environments was reported recently, although the specific abundance was not determined (13) .
The abundance ratio of DNA virus to bacteria in nearshore waters (Osaka Bay and Otsuchi Bay) was two to four times higher than the ratio in offshore waters ( In conclusion, the proposed epifluorescence microscopic method for evaluation of virus abundance is simple and suitable for processing a large number of samples. It has an obvious advantage over the TEM method for the extensive study of virus dynamics in the water column. We, however, recommend occasional intercalibration between these two methods.
